The risk of lung cancer is higher in idiopathic pulmonary fibrosis (IPF) because both conditions share common risk factors. However, no standard treatment modality for LC in IPF exists due to rare incidence, poor prognosis, and acute exacerbation (AE) of IPF during treatment. We aimed to determine the efficacy of LC treatments and the prognosis in Idiopathic pulmonary fibrosis (IPF) is the most frequent and severe type of idiopathic interstitial pneumonia (IIP) with an unknown aetiology. IPF has a median survival of approximately 2 to 3 years after diagnosis and presents with a histologic pattern of usual interstitial pneumonia (UIP) on computed tomography (CT) 1 . Disease progression is characterised by ongoing fibrosis, worsening dyspnoea, and decreasing pulmonary function tests (PFT), particularly forced vital capacity (FVC) and diffusing capacity for carbon monoxide (DL CO ) 2, 3 . Emerging evidence shows that IPF is an important risk factor for lung cancer (LC) development 4 . Moreover, the prevalence of LC increases from the time of IPF diagnosis 5, 6 . Ozawa et al. reported that the cumulative prevalence of LC is increased to 3.3%, 15.4%, and 54.7% after 1, 5, and 10 years from IPF diagnosis 7 . Previous studies showed that the prevalence of LC and IPF (LC-IPF) is higher in older men, those who smoke, and those with squamous cell carcinoma 8, 9 . Although the exact relationship between LC and IPF has not yet been established, epigenetic changes, genetic changes, and oxidative stress are thought to be involved in the development of LC-IPF 10 .
Idiopathic pulmonary fibrosis (IPF) is the most frequent and severe type of idiopathic interstitial pneumonia (IIP) with an unknown aetiology. IPF has a median survival of approximately 2 to 3 years after diagnosis and presents with a histologic pattern of usual interstitial pneumonia (UIP) on computed tomography (CT) 1 . Disease progression is characterised by ongoing fibrosis, worsening dyspnoea, and decreasing pulmonary function tests (PFT), particularly forced vital capacity (FVC) and diffusing capacity for carbon monoxide (DL CO ) 2, 3 . Emerging evidence shows that IPF is an important risk factor for lung cancer (LC) development 4 . Moreover, the prevalence of LC increases from the time of IPF diagnosis 5, 6 . Ozawa et al. reported that the cumulative prevalence of LC is increased to 3.3%, 15.4%, and 54.7% after 1, 5, and 10 years from IPF diagnosis 7 . Previous studies showed that the prevalence of LC and IPF (LC-IPF) is higher in older men, those who smoke, and those with squamous cell carcinoma 8, 9 . Although the exact relationship between LC and IPF has not yet been established, epigenetic changes, genetic changes, and oxidative stress are thought to be involved in the development of LC-IPF 10 .
In the treatment of patients with LC-IPF, physicians are reluctant to treat LC because of the poor prognosis of IPF 11 . In addition, complications such as pneumonia, acute exacerbation of IPF (AE-IPF), acute respiratory distress syndrome, and air leakage after lung surgery are relatively more frequent in LC-IPF patients than in those with LC alone, thus resulting in higher mortality rates 12, 13 . These complications and high mortality makes the treatment of LC difficult. Although some studies suggest that surgical treatment is effective in IPF patients www.nature.com/scientificreports www.nature.com/scientificreports/ with early stage LC, little is known about the treatment, prognosis, and long-term survival of advanced stage patients 11, 14, 15 . In 2012, Ley et al. 16 reported the GAP index and staging system, which can be easily used to predict the mortality and the timing of lung transplantation in IPF patients. Because the GAP index and stage can be obtained simply using gender (G), age (A), and two lung physiologic variables (P) (FVC and DL CO ), clinicians can calculate the GAP score easily.
In this study, we aimed to investigate the effectiveness of the treatment of LC and the prognosis in patients with LC-IPF according to disease severity and treatment modality.
Results
Patients' baseline characteristics. Overall, 160 patients with LC-IPF were divided into GAP stage I (n = 115), II (n = 36), and III (n = 9), and each GAP stage was classified into LC clinical stage I (n = 45), II (n = 23), III (n = 45), and IV (n = 47). Because of the few patients in GAP stage III (n = 9), GAP stage III was combined with GAP stage II. Table 1 shows the comparison of the patients' baseline characteristics according to the GAP stage. The mean patient age was 70.1 ± 8.2 years, and majority of the patients were men (94.4%). The median OS was 17.7 months. Table 1 . Baseline characteristics according to GAP stage. Abbreviations: GAP = gender (G), age (A), and two physiology variables (P) (FVC and DLco) stage system; BMI = body mass index; PYs = pack-years; FVC = forced vital capacity; FEV 1 = forced expiratory volume in one second; DLco = diffusing capacity for carbon monoxide; NSCLC = non-small-cell lung cancer; ECOG = Eastern Cooperative Oncology Group; OS = overall survival; PFS = progression-free survival. Data are presented as mean ± standard deviation, median, or frequency (%).
The age, gender, body mass index, and total amount of cigarettes smoked in a lifetime among patients in GAP stage 1 were not significantly different from those in GAP stages II and III. Patients with high Eastern Cooperative Oncology Group (ECOG) score and advanced LC were significantly more distributed in the higher GAP stages than in the GAP stage I (p < 0.001 and p < 0.001, respectively). Moreover, lung function, median overall survival (OS), and median progression-free survival (PFS) were lower in high GAP stage than in low GAP stage (p < 0.001, p < 0.001, and p < 0.001, respectively). In terms of histologic type, the distribution of squamous cell carcinoma and adenocarcinoma was similar in GAP stage I.
Patients' baseline characteristics according to treatment modality. The 115 patients with GAP stage I were divided according to the treatment modality. Table 2 shows the baseline characteristics. Of these patients, the mean age was the highest in among patients who received conservative care (77.8 ± 6.1, p = 0.006); the number of patients with advanced LC stage and those with poor performance status (PS) were significantly higher among those who received chemotherapy and radiotherapy (p < 0.001 and p < 0.001, respectively). Patients with GAP stage I who underwent surgery showed a significantly longer median PFS and OS than those who received other treatment modalities.
The age, gender, total amount of cigarettes smoked, and PFT result according to treatment modality were not significantly different between GAP stage II and III (Table 3 ). Similar to those with GAP stage I, the number of patients with early LC was higher in the surgery group than in the other treatment groups. Among the treatment modalities, OS and PFS were the longest in surgery, but the OS was considerably lower for of patients with GAP stages II and III than for those with GAP stage I.
Survival analysis.
In the survival analysis of all patients, smoking status, ECOG PS, GAP stage, primary treatment modality, and LC clinical stage were adjusted for using Cox proportional hazard regression model. Age, gender, and PFT were not included in the Cox proportional hazards model because they are variables of the GAP staging system. Table 4 shows the survival analysis according to the GAP stage. In GAP stage I, the most significant increase in survival probability was in the surgery group ( Fig. 1a; hazard ratio [HR] = 0.233; 95% confidence interval [CI]: 0.094-0.574; p = 0.005). However, unlike GAP stage I, no survival benefit was found in the surgery group as in the GAP stages II and III ( Fig. 1b ; p = 0.377). Advanced LC stage and higher ECOG PS were substantially associated with poor outcome. Smoking status was a significant prognostic factor in GAP stages II and III (p = 0.031). Table 2 . Comparison of characteristics according to treatment modality in GAP stage I. Abbreviations: GAP = gender (G), age (A), and two physiology variables (P) (FVC and DLco)) stage system; BMI = body mass index; PYs = pack-years; FVC = forced vital capacity; FEV 1 = forced expiratory volume in one second; DLco = diffusing capacity of the lung for carbon monoxide; NSCLC = non-small-cell lung cancer; ECOG = Eastern Cooperative Oncology Group; OS = overall survival; PFS = progression-free survival. Data are presented as mean ± standard deviation, median, or frequency (%). Table 3 . Comparison of characteristics according to treatment modality in GAP stage II and III. Abbreviations: GAP = gender (G), age (A), and two physiology variables (P) (FVC and DLco)) stage system; BMI = body mass index; PYs = pack-years; FVC = forced vital capacity; FEV 1 = forced expiratory volume in one second; DLco = diffusing capacity of the lung for carbon monoxide; NSCLC = non-small-cell lung cancer; ECOG = Eastern Cooperative Oncology Group; OS = overall survival; PFS = progression-free survival. Data are presented as mean ± standard deviation, median, or frequency (%). Classification according to the GAP stage and treatment modality. Of the 160 patients, 22, 69, 58, and 11 received conservative therapy, surgery, chemotherapy, and radiation therapy as primary treatment, respectively. AE-IPF occurred in 1 (4.5%), 10 (14.5%), 7 (12.1%), and 4 (36.4%) patients who received conservative therapy, surgery, chemotherapy, and radiotherapy, respectively ( Table 5 ). The toxicity of all AE was higher than grade 4. AE-IPF was significantly more frequent in GAP stage II/III than in GAP stage I in patients who received both surgery and chemotherapy (p = 0.050 and p = 0.007, respectively). In particular, in patients who received chemotherapy, mortality owing to AE was also significantly higher in GAP stage II/III than in GAP stage I (p = 0.002). Most complications such as prolonged air leakage, subcutaneous emphysema, cytopenia, or pneumonia other than AE were lower than grade 3 and did not differ according to the GAP stages.
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Discussion
The standard treatment modality for LC-IPF is yet to be established because of the short median OS due to IPF, the high complication rate occurring after anti-cancer treatment such as AE-IPF, and the rarity of comorbidity of IPF and LC 17, 18 . In this study, we investigated the efficiency of treatment and prognosis of LC-IPF according to treatment modalities considering the severity of LC and IPF, ECOG PS, and smoking status, while previous studies primarily focused on the treatment of LC stage. Our study showed that surgery was an effective treatment modality for GAP stage I patients with LC, while other treatment modalities of LC failed to show effectiveness regardless of the GAP stage.
In 2015, Tomassetti et al. 15 described that LC developing in IPF significantly decreased the median OS compared with IPF without LC (LC-IPF: 38.7 months, IPF without LC: 63.9 months; HR = 5.0; 95% CI: 21.91-8.57; p < 0.001). Saito et al. 19 reported the survival rates after pulmonary resection of 350 patients with pathologic stage IA and found that the 5-year survival rate was significantly reduced in patients with IPF (54.2% in LC-IPF and 88.3% in LC only, p < 0.001), and IPF was the only prognostic factor (p = 0.04). These studies showed that compared with LC alone or IPF alone, LC-IPF is related with poor prognosis. In our study, the prognosis of LC-IPF was also poor; the median OS and PFS were 17.7 and 7.0 months, respectively. Additionally, as the GAP stage increased, the survival of patients with LC-IPF rapidly reduced in all treatment groups compared with that in GAP stage I. This could explain why there is no effective treatment modality in higher GAP stages. It is possible that low efficacy of LC treatments because of poor survival is likely to be more affected by the progression and severity of IPF itself than by LC severity. Watanabe et al. reported that surgery for LC can be helpful in selective patients with LC-IPF. In their study, although the hospital mortality (7.1% vs 1.9%, p = 0.03) or AE (7.1% vs 0.0%, p < 0.001) rate after lung surgery was significantly higher in patients with LC-IPF than in LC only patients, the 5-year survival rate for stage I LC with IPF was 61.6% compared with 83.0% in patients without IPF. Although some studies reported that the history of AE, surgical procedure, male sex, elevated LDH/KL-6, preoperative steroid use, and low FVC are risk factors for mortality or AE of interstitial pneumonia, these studies were performed with relatively small numbers of patients than those in our study and did not suggest a clear selection criteria of patients for whom surgery could be beneficial 12, [20] [21] [22] . In the current study, surgery was an effective treatment modality in LC patients with GAP stage I. This finding indicates that the assessment of IPF according to the GAP stage could be helpful in identifying patients who would benefit from surgery. Furthermore, our study showed www.nature.com/scientificreports www.nature.com/scientificreports/ that advanced LC stage and poor PS were significantly related with poor outcomes. However, the high frequency of AE and AE-related mortality associated with anticancer therapy is an important issue for determining the need for surgery even at low LC stages. The incidence rate of AE ranges from 7.1% to 33.0% in surgery 14, 23, 24 . In the present study, the incidence of AE was 14.5% in the surgery group. Moreover, the incidence of AE was significantly higher in patients with advanced GAP stage. As such, efforts are being made to prevent the development of AE. A recent study reported that perioperative pirfenidone significantly decreased the incidence of AE compared with control, although this was a retrospective study and included only a small number of patients 25 . Therefore, physicians should be cautious regarding the occurrence of AE when performing surgery in LC patients with advanced GAP stage and should consider the use of pirfenidone during the perioperative period.
The clinical value of chemotherapy and radiotherapy has been studied in patients with inoperable conditions; however, their role remains unclear owing to the significantly lower OS and higher complication rates than those for surgery. Chen et al. performed a meta-analysis to investigate the efficacy and safety of chemotherapy in patients with non-small-cell LC (NSCLC) and interstitial lung disease (ILD) 26 . In their study, although chemotherapy was associated with a higher incidence of AE, high overall response rate (ORR) and disease control rate (DCR) were achieved (41.3% and 77.7%, respectively), and the 1-year survival rate was approximately 29.4%. Watanabe et al. 27 reported the efficacy of chemotherapy in 23 patients with LC-IPF. In their study, the ORR, DCR, and 1-year survival rate were 42.9%, 81.0%, and 28.6%. As such, they concluded that chemotherapy might be effective in NSCLC patients with ILD or IPF. However, these studies reached their conclusions either indirectly through comparison with other studies or by conducting a study with only a small number of patients. In contrast, Kanaji et al. 28 reported a median PFS and median OS after chemotherapy that were significantly shorter in LC-IPF patients than in LC patients without ILD. In their study, DCR was also significantly lower in patients with LC-IPF than in those with NSCLC alone (87% for non-ILD and 53% for IPF, p < 0.001). Furthermore, some studies reported incidence rates of AE ranging from 5.6% to 30% with chemotherapy 29, 30 . Kato et al. showed that pemetrexed-related pulmonary toxicity developed in 12.0% of patients with IIP and in 1.1% of patients without IIP, with a significantly higher proportion of patients with IIP (odds ratio: 11.8; p = 0.03) 31 . According to a study by Kenmotsu et al. 30 , patients with a UIP pattern had a significantly higher incidence of chemotherapy-associated AE at 30% than patients with a non-UIP pattern at 8% (p = 0.005). Furthermore, AE of grade 3 or higher occurred in a higher proportion of patients with UIP pattern (p = 0.003). In our study, although it was not significant, chemotherapy tended to decrease the risk of mortality. Additionally, AE was significantly more frequent in www.nature.com/scientificreports www.nature.com/scientificreports/ patients with advanced GAP stage in the chemotherapy group (p = 0.007). Therefore, when deciding the applicability of chemotherapy in inoperable cases, the GAP stage might be a helpful criterion. Targeted therapy for LC has recently been introduced, and immune therapy has also attracted attention. Further large studies are needed to investigate the efficacy or safety of chemotherapy in LC-IPF.
Few studies on the effect of radiotherapy in LC-IPF have been conducted. Although radiotherapy is as effective as surgery in patients with early LC without IPF, it yields poor outcomes in LC-IPF [32] [33] [34] . Some researchers speculate that the incidence of acute respiratory deterioration will increase in radiotherapy; however, little research has been conducted to support this theory. In a study of curative radiotherapy in 7 patients with IPF, 2 patients showed partial remission and 5 patients did not achieve such change. Moreover, acute respiratory deterioration occurred in 5 patients 14 . According to Bahig et al. 34 , of the 150 patients with stage I NSCLC in their study, 5 patients had features of IPF, of which three developed grade 5 pneumonitis. Collectively, the above studies indicate that patients with LC-IPF have a higher risk of severe toxicity. Similar to previous studies, 4 of the 11 patients experienced AE, and the incidence of AE tended to increase as the GAP stage advanced in our study. This result suggested that radiotherapy had limited therapeutic benefit in LC-IPF, and the applicability of radiotherapy should be decided by a multidisciplinary team of pulmonologist, radiologist, clinical oncologist, and radiation oncologist.
There are several limitations in this study. First, in the present study, IPF diagnosis was performed by chest CT without tissue analysis in a relatively large number of patients (n = 130, 81.2%). However, as highlighted in the 2018 Guidelines for accurate diagnosis, the multidisciplinary approach, including pulmonologists, chest specific radiologists, and a pulmonary pathologist, increased the accuracy of the diagnosis. Second, the conservative care group might have individual characteristics that may make them ineligible for anticancer therapies. However, the ECOG PS and clinical stage of LC in the conservative care group were not worse than those in other treatment groups, and the GAP stage and smoking amount were considered in this study. The comorbidity was also not different from other treatment groups (data not shown). Third, there were only few GAP stage III patients. When calculating the GAP stage, patients who failed to perform DL CO owing to respiratory insufficiency might have been given a point in the "DL CO cannot perform" category, and we could not verify the data of those patients due to the retrospective study design. There is need for further studies on GAP stage III patients. Finally, because radiotherapy tends to be performed selectively in inoperable cases, only a small number of patients received radiotherapy as primary treatment.
In conclusion, active therapies such as surgery in LC-IPF patients with GAP stage I are recommended. However, at the advanced GAP stage, no beneficial treatment modalities were found. Therefore, physicians should carefully evaluate the patient's condition, and the applicability of surgery in patients with advanced LC and higher GAP stages should be decided by a multidisciplinary team. Table 5 . Complications that occurred after treatment classified according to GAP stage and treatment modality. Abbreviations: GAP = gender (G), age (A), and two physiology variables (P) (FVC and DLco)) stage system; GI = gastro-intestinal, AE-IPF = acute exacerbation of idiopathic pulmonary fibrosis. The AE-IPF was defined within one month after surgical resection in surgery, while it was defined as the onset of AE-IPF within one month after one cycle in chemotherapy and radiotherapy. Other complications in surgery included one case each of acute thrombosis, post-operation atrial fibrillation, and post-operation atelectasis. Note: Values in parentheses are percentages.
Methods
Study population. The study was conducted retrospectively in Seoul National University Bundang Hospital, Only patients with biopsy-confirmed LC were included. Of the 287 patients, 127 were excluded due to malignancy other than LC (n = 9), IIP other than IPF (n = 8), incomplete data such as no PFT results or non-biopsy proven LC (n = 75), small-cell LC (n = 29), and transfer to other hospital without treatment (n = 6). Finally, 160 patients with LC-IPF were examined. GAP stage I comprised the most patients (n = 115), followed by GAP stage II and III at 35 and 9, respectively. The patient enrolment flow chart is shown in Fig. 3 . The Institutional Review board and Ethics Committee of Seoul National University Bundang Hospital approved the study (IRB number: B-1707/411-402). Written informed consent was waived owing to the retrospective nature of the study. All methods were performed in accordance with the Declaration of Helsinki.
Data collection and statistical analysis. The age, gender, smoking history, comorbidity, ECOG PS at treatment initiation, and time of LC diagnosis and recurrence were investigated in this study using data from the patient's medical records. The PFT results were used within one month of LC diagnosis. All data represented as mean ± S.D. unless otherwise stated. High-resolution CT, positron emission tomography, brain magnetic resonance imaging, and bronchoscopy confirmed the location, clinical stage, and fibrotic area involvement of LC. LC was pathologically confirmed via bronchoscopic biopsy, percutaneous needle aspiration, or surgical lung biopsy. Early LC was defined as stage I or II, while advanced LC was defined as stage III or IV. The GAP score was calculated using gender (0-2 points), FVC (4-5 points), and DL CO (0-3 points), and classified into stages I (0-3 points), II (4-5 points), or III (6-8 points) 16 . AE-IPF was defined as that occurring within 4 weeks after surgical resection and within 4 weeks after the first cycle of chemotherapy or radiotherapy 17, 18 . PFS was calculated from the beginning of the treatment to the development of recurrence, whereas OS was calculated starting from the diagnosis of LC-IPF to the date of death or last follow-up.
Statistical analysis. Categorical variables were analysed using Chi-squared distribution or Fisher's exact test, and continuous variables were analysed using the Student t-test or Mann-Whitney U test. Cox proportional hazard regression analysis and Firth logistic regression were used to identify the risk factors of survival of LC-IPF patients. Survival time was calculated starting from the date of LC diagnosis to the date of death or last follow-up. Survival was investigated using data from the Ministry of Public Administration and Security and medical charts between 2003 and 2017. All statistical analyses were performed using IBM SPSS Statistics (version 22.0). An adjusted p-value of < 0.05 was considered significant in this study.
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